




















































































































































































































2)

3)

Discussion

The natural frequencies increase with the speed of rotation.
This is expected since the stresses in the blade make it

stiffer, and the stresses increase with speed.

Thé results have been obtained by assuming the blade to be
fixed as a can+ilever along the post. As diséussod in
Chapter 3, Section 3.3, this assumption makes the blade

less stiff than it actually is, since the effect of the "lip"
under the blade is neglected. The program can be modified to
suit the "variable boundary condition'" (thes condition (b) in
Sec. 3.3). The outline of this formulation is discussed in

Appendix YII.

The results reported here are for one configuration of the
blaae. The deflection and vibfa+ion data can be obtained for
different blade parameters (angle of the post, blade thickness
and other dimensions etc.) by suitably changing these
parameters in the program. This information can be useful

at the design stage.
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APPENDIX | | ‘

ELEMENTS OF [Z] MATRIX

[Z] is 2 9 x 9 symmetric matrix. Elements in the first row and

the first column are zero. The other elements are as follows:

72(2,2) =o'
x
2(3,2) =1 ' !
Xy
Z(3,3) = 3
3 Uy
1
2(4,2) = 2x o'
x
1
2(4,3) =2x <t ' !
XY
v2_

2(4,4) = 4x ¢!
X

' 1 1
2(5,2) =yo'+xt '
Xy

X
2(5,3) = Y'T R & x'o .
’ Xy Y,
L | 1
Z(5,4) = 2x vy cx' + 2% rx'y’
12 12 ]
2(5,5) =y ox' *+ % oy' +2x vy rx'y'

!
7(6,2) =2y 1 ' !
Xy

1
= ’ !
2(6,3) =2y o,

1
2(6,4) =4x vy t '"!
xy

2 "
72(6,5) = 2y T y +2Xxy o
2(6,6) =4y o,'

2(7,2) =3x o'



Z(7,3)
7(7,4)
7(7,5)
7(7,6)
7(7,7)
7(8,2)
7(8,3)
7(8,4)
2(8,5)
7(8,6)
7(8,7)
Z(8,8)
2(9,2)
7(9,3)
7(9,4)
7(9,5)

7(9,6)

T 1
2x vy o ' + x
Y 9%

| |
2X ¥y T
/ X

12 1

I |

Y

+

12

X

4x vy ox' + 2x

o)

| I 4 ' 1
2x c *+ X
Y 4

1

12 1
ix y Tx'y' + 2x

13 1
6x y o '+ 3x
X

12 12
idx y

'
XY

12

g
b g

T

13
T

|

1

Xy

3

2

14
.

1

|
o' + 3x
Y

]
0'
Y %

1

Xy

13

2

1
y ./

XYy

14

cx' +4x y ot ' '+ x

XY

o
Y



7(9,7)

7(9,8)

2(9,9)

12 1

T !

1 1
Xy +3x vy Gy
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APPENDIX 11

‘DERIVATION OF THE INERTIA FORCES

87

If xyz is a system of moving co-ordinate axis and XYZ is a system

of fixed co-ordinates, the absolute acceleration of a point can be ex-

pressed as:

2 = 3' + %g-x R+20x 3' + 8 x @ xR
where 5
a = absolute acceleration
3' = +translational acceleration with respect to xyz
g = angular velocity of xyz systen
R = position vector of the point in XYZ system
V' = velocity of the point relative to the xyz system

The proof for eq. (a) is given in most books on dynamics, e.a.

Halfman [43] page 44-47.

(a)

This equation cah be used to determine the absolute acceleration

of a point P on the middle surface of the rotating blade.

Let the co-ordinates of the point P be xyz. Assume that the
point moves to another position (x+ u), (y+ v) and (z + w) with
(-1} oo (=X (-] (-] (<]
accelerationu , v , w and velocity u, v, w with respect to the xyz
co-ordinate system, which is rotating with speed @, © being the angle

made by the blade post with the axis of rotation.

If i, j and k are unit vectors in the directions x, y & z re-

spectively, the following vector equations can be written:



[

+'
v

."
a

[

Since

the

i(x +u) + jly +v) + k(z+ w)

Evaluating the right hand side of eq. (a):

5 x(ﬁ 3% ﬁ)

(] (<] (]
fu+jv+kw
(-2} L=X] oo (b)
fu+jv+kw
i 0+ j Q coso + k(-Q sind)
. ) 48 _
blade is rotating at constant speed o = 0.
i J k
!
28 xVv = 0 29 cos® -2Q sind
[ (<] (]
u v W
(] ©°
= (22 w cos® + 2Q v sind)
© (]
+ j(-2Q u sin®) + k(-2Q u cos0d)
i J k
AxR = 0 Q cos®@ -0 sind
(xtu) (y+v) (z+w)
= i{(z+w)Q cosO + Q(y+v)sino)
+j{-(x+u)Q sin0} + k{-(x+u)Q coso}
i J ' k
0 :  coso -Q sind

(z+w)Q cosO +(y+v)Q sin@ =(x+u)Q sin® =(x+u)Q cosoO

i{-(x+u)92c0529 -(x+u)stin20}+j{—(z+w)ﬂzsin9 cos0

-(y+v)925in20}+k{-(z+w)92cosze —(y+v)stinO cos0}

88




Thus, from eq. (a)

-> o0 o o 2
a = i(u +29wcosd + 22 v sind - (xtu)Q")

' i ° 2 2 ;. 2
+ jlv = 2Q u sind =(z+w)Q"sind cos® -(y+v)Q sin )

o

. 2 2 2 .
+ k(w - 29 u cos® =(z+w)Q cos 0 -(y+v)Q sin® cosO)

Inertia force, per unit volume, at the point can now be written.

Using subscripts x, y and z for the respective directions:

00

(-] (]
p(x+u)Q2- 2 pQw cosO - 2 pQv sin® - pu

F =
X
2 2 2 (-} 0
Fy = p(y+v)Q sin"@ + p(z+w)Q"sin® cosO + 2 Qu sin® - pv
) 2 2 2 -] o0
Fz = p(z+w)Q"cos™® + p(y+v)Q7sin® cos® + 2 Gu cosd - pw

This is a general expression for the inertia forces. When there
is no movement relative to the xyz co-ordinates, i.e. the blade is not

vibrating, the inertia forces simply become:

Foo= g’
Fy = p(y)stinze + p(z)nzsino cos0
F. = p(z)ﬂzcosze + p(y)stinO cos0



APPENDIX |11

ELEMENTS OF THE MATRIX [NFJ

The matrix [NF] is given by the relation

Fx'
T
[NF] = [N] FY'
Fz'
where [N] is a 3 x 15 matrix given by:
I x y o o o
i ' 0
0O O O | O
______________________ s A R o e
vt 2 10 2 3 2+ 3
0 I X y X xy y X Xy y
[NF], therefore, is a 15 x | matrix.
Now
F_, 2 m n F
X X X - X X
F = L n F
y' y Ty y
F_, L m n F
z z z z z
S —
F
X
where Fy is given by eq. (3.36a).
F
z
Therefore,
2. v 2 2 .2 2 2 .
Fx' = pQ {x (Lx +m sin"e + n cos"o + @ m n, sino cos0)
' . 2 . .
5 +
+y (gxzy + mxmy sine + m_ ny ino cose + n_ my sino coso

2 ' - 2 .
+ x. +y, + z,
+ nxny cos 0) X, bty m sin"® z, m sing coso

< ' 2
+y; n sino cose + z; n_ cos 0}



_ 2, ! 2 g 3 ;
F = pQ {x (zylx + mymx sin“0 + my N sind® cosd + ny m sind® cos0d
'
+ n.n cosze) +y (22 + m2 sin20 +m n_ sin® cosO
y X Y Y Y
+ n m sind® coso + n2 cosze) +x, 8 +y, m sinze
y 'y y iy iy

+z. m sind cos® + vy, n_ sind cos® + z, n cosze}
iy iy iy

z- 1 . B .
= + +
F pQ {x (ixzz m,m_ sin ¢] m, n sind coso

1
+ n_, m, sin® cos® + n_n cosze) +y @2 +mm sin29
Z X zx zZ'y zy

i 3 2
+ m, ny sin® cos6 + n, my sind cosO + nzny cos @)
. 2 . _—
+ v, . % g
y; m, sin 0 + z; m, sin® cos® Y; n, sind coso

+
" zz

2
+ z, m, cos 0}

The elements of [NF] are defined as follows:

NFC1)

]
)

x'
1
NF(2) = x F_,
. X
1
NF(3) =y F,
NF(4) = F_,
y
NF(5) = F_,
y
'
NF6) =y F
NF(7) = F,
]
NF(8) = x F,

NF(9) = y F_,

NFCI0)

1]
X
“r



NFCLD)
NF(12)
NF(13)
NF(14)

NF(I5)

]
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APPENDIX IV

ELEMENTS OF THE MATRIX [NQJ

As defined in equation (3.53)

[NQJ

Lo

p—

I
- [R] = |0

0

s
0 0
2
sin 0 sin® cosd
< 2
sind® coso cos 0

CN1' CQJ IND

[A] [RI O]

[A»] is the matrix of direction cosines and [R] is given by

During computation [A] and [R] are matrices with numerical values.

[l = | o,

is available in the computer.

Matrix [N] is given by
[ 1 '

o] =00 o |

Il x y O 0 O

Therefore, [Q] can be obtained by multiplying [A] [R] [A]T, so that

-
Q)2 13
Q22 Q23
Q32 Q33

' .
, 0




The matrix [NQJ] is given by the product [N]T CoJ [NJ. [NQJ is a 15 x 15

symmetric matrix. This may be partitioned into 5 x 5 sub-matrices as

shown below

o] =

N3 = v O

[Ngy d = | x 05

B : ! n
NOpp 1 MOz 1 NOy5
——————— .:._——__.....i._..___....
N2 1 Mo 1 MOy
——————— .}-.———..__._.i._..-__.--.
Ny 1 N3y | NOsg
'2 |
X QII ! symmetric
L | }_—-U—z_----l
XY QY Q1
T T v 1. k
X0 1Y% B
12 : L [ Y
* Qg 1 XY % %8 % Uy
) : 12 : 1 I o
XY Qpp Y Q1Y O | XV Qp
.__'__..__._;...__'_.____I___.__:.....'_—.__.
X0 1 Y% 195 1x%;
Y :_ ] Loy 1 42
X 9311 XY 911X %2 0 X 92
LI I '2 [ | | L |
XY Qg1 ¥ Q5 ¥ 95 | XY 05y
ETTTNE, T2
* O3y 1 % ¥ Ogpx Q5p).% O
| ! '
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[no,,] =

[Nog,d =

[NQ3,] =

= |
12 :
Y Q) :
Ty Tt ]
!
T L o CTNREGE
] Loy : 12 :
XY Rgo ¥ Qg | X Qo | .
-_————_T——__ - '—l___—z_" T
12 | |t : ' :
Y %2 1Y 051Xyl v 0y L
-_'-2 1 .:. '2 | '3 : '2 ] : '4
V Q2% U3ix Q551 X ¥ 03 x Qs
|
| : ; i =
(K] : 12 : 1 12 | 1t : 12
XY Q5 1% ¥ Q) 1 XY 051 xy Q5 1X Y05
_uﬁfn_mf_777-_'_“3 ————— Lz 2
Y %1 1XY %Y % 1Y O XY %y
!—3- T |4 ! 13' | 13 | 14
X O 1% 9 (X YO 1% Op (% Op
2 . |12v2]|—12| :131
" yQ3|.J|x y Qs :X Y 03':x Yy Q35 X ¥ Qg5
3 '__1_73—“__:"75 ————— R A
Y 0 ¥ 1Y O 1Y Q0 xy 0p
1 12 i to i 12 4 lo1 a2 E 13
XY Qsp | XY Qug | X ¥ Qg5 1 XY Qg X ¥ Qys
A A O A 27,2
Y 92 1Y 93 XY O350 Q53 ix v O35
IR A T I T AU Y-
X Y91 X %3 X %3 1 X Y %3 1% O
'2 |2 | 72 ] 1 |3 t : '2 '2 1 |4 '
Y 032: x YQ33:X YQ33 l L § 033:x /033
T S S S . S S S e
Y O 1Y O3 Xy O35 1Y Q53 [x vy Qg
] | !
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i
]
1
12 42 :
Xy Q33|
———————— r—_-—.———————|
' 13 | '4 |
Xy Q2 : Yy Qs : symmetric
: AT T e
= }
Mgzd = | X Y% 1 X ¥ Q31 x 0 |
!3 12 T v2 13 | 15 1 r 94 v2
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““APPENDIX 'V

The flow chart for the computer programme to compute the deflections
of the blade is giveﬁ on the next page. The symbols used are the same as

in the rest of the thesis., The FORTRAN variables used are:

SPEED = Speed of rotation of the fan
EN = Element number
SINCR = Increment in speed after each iteration
SMAX = Maximum speed up to which the deflections

are to be computed.
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APPENDIX VI

MODIFICATION REQUIRED TO SUIT "VARIABLE" BOUNDARY CONDITION

As discussed in Sec. 3.3., under the "variable" boundary condition
the lip is idealized as a flat surface. Any point on the lip, therefore,
has Z co-ordinate = 0. The nodes on the blade surface which come in

contact with this surface are assumed fto be built-in from then onwards.

A large number of nodes is needed to study the effect of the lip.
This necessitates a fine mesh = increasing the size of the system stiffness
and mass matrices. Since the lip is small in width (3/4"), fine mesh
can be used in this region and relatively coarse mesh in the rest of the
blade. The present programme evaluates the co-ordinates of all the noces
at each iteration. The program can be modified such that nodes in tha
region of the lip are given number zero when their Z co-ordinate becomes
zero, and thus are not assembled in the system stiffness and mass matrices.
This results in reduction of the size of these matrices and reduced
degrees of freedom for Tﬁe complete structure. Since the present program
uses the matrices as two-dimensional arrays, reduction in matrix size
poses the problem of relocating the elements of the reduced matrix in
the two-dimensional array assigned for the s+oringkof the matrix in
computer memory. This has to be carefully done before the system matrices

can be operated upon.
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